Kinetic data on potassium release from and killing of Candida albicans by the four polyene antibiotics amphotericin B, amphotericin B methyl ester hydrochloride, nystatin, and nystatin methyl ester hydrochloride are presented. The nystatins were relatively more effective than the amphotericins in causing potassium release rather than killing. These data suggest that the aqueous channels or pores formed by the polyene antibiotics are not central to the lethal action of the drugs. with agitation in a medium containing 1% tryptone, 0.5% yeast extract, 0.5% glucose, and 0.5% NaCl, with the pH adjusted to 7.0 with 1 N NaOH. Cells in the logarithmic phase of growth were harvested and washed by centrifugation three times with cold 10 mM sodium phosphate-buffered normal saline, pH 7.0. The cells were suspended in sodium phosphate-buffered normal saline at a concentration of about 5 x 108/ml for the K+-releasing experiments.
Kinetic data on potassium release from and killing of Candida albicans by the four polyene antibiotics amphotericin B, amphotericin B methyl ester hydrochloride, nystatin, and nystatin methyl ester hydrochloride are presented. The nystatins were relatively more effective than the amphotericins in causing potassium release rather than killing. These data suggest that the aqueous channels or pores formed by the polyene antibiotics are not central to the lethal action of the drugs.
Early studies of the polyene macrolide antibiotics clearly demonstrated that they cause leakage of cellular constituents from susceptible organisms (reviewed in references 8, 15) . Over the past decade, important research using several model membrane systems strongly suggests that many polyenes create ion-selective, aqueous pores with a diameter of 0.4 to 1 nm (1, 5, 16) . Such pores may result from aggregates of polyene molecules with membrane sterols or possibly aggregates of polyene molecules alone (11) . Molecular models consistent with these hypotheses have been constructed (4, 6) . Generally, it has been assumed that such pores in the boundary membranes and their sequellae are responsible for the lethal action of polyenes on fungi.
Other observations of polyene action suggest, however, that different mechanisms of membrane damage may also be operative. (i) Medoff and his co-workers have shown clearly that polyenes in sublethal doses can alter membranes such that large molecules, much greater than 1 nm in diameter, can enter fungi and mammalian cells from which they are normally excluded (13, 14) .
(ii) The various polyenes differ in their action on membranes. Filipin and pimaricin cause little small-molecule leakage before cell death or membrane destruction (3). Fungichromin and rimocidin, on the hand, are potent inducers of potassium ion (K+) leakage but are very weakly fungicidal (17 with agitation in a medium containing 1% tryptone, 0.5% yeast extract, 0.5% glucose, and 0.5% NaCl, with the pH adjusted to 7.0 with 1 N NaOH. Cells in the logarithmic phase of growth were harvested and washed by centrifugation three times with cold 10 mM sodium phosphate-buffered normal saline, pH 7 The kinetics of killing were determined by perfoiming viable counts on polyene-treated ciltures. The polyenes were added to tubes containing approximately 106 cells per ml of recently harvested, logarithmically growing cells. At the times indicated after polyene addition, 10-2 and 10-3 dilutions were spread on plates containing the broth described solidified with 1.5% agar. Colonies were counted after 72 h of incubation. The percentage of survivors was expressed as: (viable counts of polyene-treated culture/viable count of control culture) x 100%.
AmB and Nys were obtained from Squibb Institute for Medical Research, New Brunswick, N.J. The methyl ester hydrochlorides were prepared in our laboratory, as described (12) . Stock solutions of drugs were made in dimethyl sulfoxide and stored at -15°C for a maximum of 3 days; these stocks were diluted with ethanol immediately before use.
To determine the minimum inhibitory concentration of the antibiotics, serial twofold drug dilutions in growth medium were incubated with approximately 103 cells per ml. The tubes were incubated at 30°C for 18 h and then checked visually for growth. The lowest concentration of drug yielding no visible growth was identified as the minimum inhibitory concentration.
RESULTS
The minimum inhibitory concentrations for C. albicans of AmB, AmBME, Nys, and NysME, respectively, were 0.625,0.625, 12.5, and 25 ,ug/ml.
In Fig. 1 and 2 , the kinetics of K+ release from C. albicans induced by the four polyenes at 1 (Fig. 1) and 10 (Fig. 2) ,ug/ml are plotted. At 1 ,ig/ml, the rate and extent of K+ leakage caused by AmB, AmBME, and Nys are comparable; Nys is by far the most potent agent, as measured by K+ leakage from the cell at 10 ,ug/ml. The kinetics of killing by the polyenes at 1 and 10,ug/ml are plotted in Fig. 3 and 4 . At 1 Ag/ml, neither Nys nor its derivative was fungicidal. At 10,ug/ml, the four agents killed, but the heptaenes were much more rapidly fungicidal. NysME was the least effective agent by all parameters studied.
To facilitate comparison of the relative efficacy of the polyenes at inducing K+ leakage and fungicidal action, the times required to cause 50% K+ release (K%50) and 90% killing (Fgo) were tabulated ( Table 1 The experiments reported here are part of a systematic attempt to answer the questions posed. These studies bear on the relationship of K+ leakage, presumably due to small-pore formation, and fungicidal action of those antibiotics presently used to treat fungal infections in humans.
AmB is the only polyane available for systemic administration in humans; Nys is used topically. Since these polyenes are very insoluble in water, methyl ester acid salts have been syn- thesized in an attempt to improve their pharmacological properties. In our previous study of the selectivity of these four agents toward different biological membranes, it was clear that the Nys compounds and AmBME showed markedly greater selectivity for ergosterol-containing fungi than for cholesterol-containing human erythrocytes (2) . However, it is important to remember that K+ leakage was the parameter of polyene action studied at that time. In suggesting that AmBME or Nys may be better agents clinically than AmB, we cautioned that the relationship between K+ leakage and killing would have to be examined. This has been done using careful kinetics of K+ release and killing by these polyenes.
At 10 Ag of the polyenes per ml, Nys was clearly more effective in fostering K+ release than the heptaenes (Fig. 2) . At the same concentration, the heptaenes killed the organisms much more rapidly than the tetraenes (Fig. 4) . ,ug/ml, the tetraenes did not kill at all (Fig. 3 ), but Nys still rivaled the heptaenes in the speed and extent of K+ release (Fig. 1) . The two heptaenes gave essentially similar results, whereas NysME was much less potent than Nys by both parameters examined.
The ratio of K%50 to Fgo (see Results) may be helpful in comparing the polyenes. A lower number means relatively greater potency of K+ release than killing. At 10 usg/ml the ratio was more than 30 times higher with AmB than with Nys and more than 20 times higher with AmBME than with Nys. At 1 ,ug the ratios are not meaningful since the tetraenes gave no killing, but the tetraenes were essentially as effective as the heptaenes in causing K+ release at this concentration.
What are the possible relations between K+ leakage and killing, and do the data presented support one explanation over the others? Clearly the data presented show that K+ leakage is not a direct measure of a lethal event. It is possible that at a high concentration of the putative small pores there is a locally destructive effect on the membranes (7). This seems unlikely if the Nys-induced pores are similar to the AmBor AmBME-induced pores. The higher rate of K+ release with Nys at 10 lOg/ml suggests that at least as many pores may be induced with the tetraenes as with the heptaenes, but killing is clearly slower. It remains possible that the heptaene-induced pores are qualitatively different from those induced with Nys or, alternatively, that the lethal event is separate from the pore formation. The latter hypothesis is most consistent with previous data from our laboratory which showed, in mutants of C. albicans, a dissociation of small-molecule leakage and lethality (9) .
